The effects of cold climatic conditions on energy partitioning were investigated with 49 Hereford-type steers fed an all-concentrate, barley-based diet in a 2 x 3 factorial comparative slaughter trial. Steers (seven per treatment) were kept either indoors or outdoors (n = 2) and fed at 50, 65, or 80 g of DM/kg of BW7' (n = 3) for up to 106 d. Mean temperatures were 16.9 f 2.7"C and -7.6 f 6.8'C in indoor and outdoor locations, respectively. Steers housed indoors grew 49% faster (P < .001) and had 51% better gain: feed ratios (P < .05) than those kept outdoors. Outdoor steers retained 65% less (P < .001) energy. Estimated fasting heat production in the outdoor steers was 18% higher (P < .01) and efficiency of ME use for maintenance 14% lower (P < .01) than in the indoor steers, which resulted in an estimated increase of 41% in the ME requirements for maintenance in the outdoor steers. The NEg content of the diet was decreased fiom 1.29 McaVkg in the indoor steers to .76 McaVkg in the outdoor steers. Outdoor steers deposited 21% of their energy as protein, whereas indoor steers deposited only 14% of their energy as protein, which could explain the low NEg value of the diet in the cold environment. It was concluded that the main factors contributing to reduced energetic efficiency in the cold were an increased maintenance requirement and a greater proportion of the dietary energy retained as protein.
Materials and Methods
Experiment I. The digestibility and metabolizability of the allconcentrate diet (Table 1) were determined at daily feeding levels of approximately 50 and 80 g of DM/kg of BW.75. Four steers (481 kg) of mixed breeding (predominantly Hereford and Angus) were fed at both levels of intake in a crossover experimental design. Steers were housed in a thermoneutral environment and previously adapted to metabolism crates and a confine ment-type respiration calorimeter. Each of the two experimental periods consisted of a 10-d adaptation period at the respective feeding levels. This was followed by a 7d period during which a total collection of feces and urine was made, and then by a 24-h period during which methane production measurements were made. Steers were fed twice daily throughout the experiment.
Methane production was measured for each steer with an open-circuit calorimetry system @elfino et al., 1988). The energy lost as methane was calculated as total methane produced in liters per day (at standard temperature and pressure) x 9.45 kcalfliter (Brouwer, 1965) .
Total fecal output was measured and aliquot samples were collected and stored at -2o'C. At the end of each 7d collection period, the fecal +an mtnuraent CO., M O~, E. samples were dried at 60'C to a constant weight, ground, and p l e d to yield individual animal composites that were stored at -20'C for later analysis. Daily urine output was collected in plastic tubs that contained 100 ml of 5 N HC1 with 1 @ter of mercuric chloride. A composite sample for each steer was stored at -2O'C for later analysis.
Dry matter contents of the feed and feces were determined by ovcn dryiig at llo'C to constant weight. Nitrogen in feed, feces, and urine was determined by a standard macroKjeldahl procedure (AOAC, 1980) . Gross energy contents of the feed, feces, and urine were determined in an automatically controlled Parr adiabatic bomb calorimetefl.
In calculating the DE and ME content of barley grain it was assumed that molasses provided 3.48 and 2. 86 Mcal of DE and ME/ kg, respectively (NRC, 1984) .
Experiment 2. Steers were fed either indoors or outdoors (n = 2) at one of three feeding levels (n = 3) in a 2 x 3 factorial experiment to assess the influence of Alberta winter weather on energy partitioning and NE values of a barley-based diet. Forty-nine Hereford and Hereford-cross yearling steers (340 kg) were purchased in December from a local commission f i r m for this experiment. On arrival, steers were ear-tagged, vaccinated for prevention of blackleg and malignant edema, and given a 2-ml intramuscular injection containing 1 x lo6, 3 x I d , and 100 IU of vitamins A, D, and E, respectively. No growth promotant implants were used. Before the start of the experimental feeding period the cattle were offered 2 kg of barley/steer daily and alfalfa-grass hay for ad libitum intake.
Steers were blocked into seven groups according to live weight, and one steer fkom each group was randomly slaughtered at the start of the feeding period to establish initial body composition. The remaining six steers in each group were then randomly allotted to one of two environmental locations (indoor or outdoor) and one of three feeding levels within each environment in a 2 x 3 factorial arrangement. This yielded seven steers per feeding level in each environment. The 21 indoor steers were individually fed in three pens (4.5 x 5 m) in an environmentally controlled, slotted-floor (concrete slats were 10.2 cm wide with 3.8 cm openings) confinement bam with each pen containing at least two steers per feeding level. No bedding was used for these steers. The outdoor steers were similarly kept in three pens (8 x 8 m), which had a 3.6-m, 20% porosity fence on the north side but no overhead shelter. Wood shavings were used for bedding for these steers.
Steers were fed an allconcentrate, barleybased diet (Table 1) from January 9 to A p d 18. Assigned daily feeding levels were 50, 65, and 80 g of DM/kg of B W S~~, with the amount of feed offered adjusted weekly according to changes in BW. Steers were individually restrained in stanchions, within their pens, for approximately 1.5 h twice daily and offered one-half of their daily allotment at each feeding. Samples of the diet were taken at regular intervals during the experimental period and stored at -20'C for later analyses. Water was continuously available from heated water bowls in each pen. The length of the feeding period varied from 92 to 106 d because not all steers could be slaughtered during the same week due to limited cooler capacity for carcasses.
Temperature and relative humidity were monitored on a daily basis for the indoor group of steers using a continuously recording hygr~thermograph~.
Meteorological data for the outdoor group of steers were obtained from the Government of Canada Atmospheric Service at the Edmonton International Airport, which is located within 10 km of the experimental site (Environment Canada, 1980) . Previous experience has shown than environmental conditions are very similar between the two locations. Although the 20% porosity fence undoubtedly did not eliminate all wind in the outdoor pens, wind speeds were not measured because such measurements would only apply to the particular location in the pen at which they were made.
Initial and final BW were averages of weights taken on three consecutive days.
Steers were weighed every week throughout the trial. All weights were taken after feed and water had been withheld for approximately 16 h. Steers were killed (stunned with a captivebolt and then bled) at a local abattoir in three groups of 12 and one group of six over a 14-d period. The groups of 12 steers were formed by randomly choosing two steers from each feeding level within each environment. The group of six was composed of the remaining steers. After overnight chilling, the carcasses were graded and longissimus muscle areas and backfat depths (average at top, middle, and bottom of the longissimus muscle between the 11th and 12th rib) were measured by Agriculture Canada personnel (Canada Agricultural Products Standards Act, 1978) . Dressing percentages were calculated on the basis of warm carcass weight and final feedlot BW. After 24 h, each halfcarcass was separated into a front and hind quarter. The quarters were weighed in air and then reweighed while submerged in a tank of water that was cooled to 4'C. Carcass specific gravity was then calculated as the carcass weight in air divided by the difference of the carcass weight in air and its weight in water. Empty BW, composition, and energy content were estimated from carcass specific gravity by the method of Garrett and Hinman (1969) . The energy content of the fat and fat-free DM of the whole empty body were taken as 9.385 and 5.539 kcal/g, respectively (Garrett and Hinman, 1969) .
The initial energy content of the steers fed throughout the feeding trial was estimated as the initial BW of the steer times the average energy content (McaVkg of BW) of the initial slaughter steers. Heat production was estimated as total ME intake minus retained energy. The ME required for maintenance was estimated separately for each environment, as the point at which ME intake was equal to fasting heat production, from the regression of log heat production on ME intake (Lofgreen and Garrett, 1968) using an average of the ME content of the diet determined at two feeding levels. Fasting heat production was estimated separately for each environment by extrapolation of the regression of the log heat production on ME intake to zero ME intake. Multiple regression analysis was used to partition ME intake among either maintenance, protein, or fat deposition for the indoor and outdoor steers separately using Model 1 of Old and Garrett (1985) . The NE, of the diet for each environment was estimated from the amount of DM required to maintain the steer in energy equilibrium (Lofgreen and Gan-ett, 1968) . The NEg was estimated as the slope of the regression of retained energy on DMI within each environment.
Statistical Analyses.
Mean values for data from Exp. 1 were compared using ANOVA techniques with level of intake being tested against level of intake x animal interaction (Steel and Tome, 1980) . Individual steer data from Exp. 2 were analyzed by ANOVA as a two-way factorial arrangement with environment (n = 2) and feeding level (n = 3) as fixed effects with animals nested within treatment cells and initial BW as the covariable when significant (P e .05). The error term used for environment and level of intake was animals within treatment cells (i.e., residual). There were no environment x level of intake interactions (P > .05). Sums of squares for feeding level were further partitioned into orthogonal contrasts for linear and quadratic effects. Statistical differences (P e .05) between NE values obtained from regression equations were tested according to procedures given in Steel and Tome (1980) .
Results

Experiment I . Energy losses in the feces,
urine, and methane. as well as the DE and ME values of the complete diet measured in the metabolism trial and the DE and M E values calculated for barley grain, are presented in Table 2 . Increasing the DMI from 54 to 82 g.kg BW--75.d-1 did not affect the percentage of energy lost in feces (P > .1). The percentage of GE intake lost in urine declined from 7.4% at the low feeding level to 5.0% at the high feeding level; however, the values were not significantly different. There was a 19% reduction (P < .05) in the methane loss (as a percentage of intake energy) with increasing feeding level, with methane losses of 7.0 and 5.7% for steers fed 54 and 82 g of D m g of BW.75, respectively ( Table 2 ). The overall effect of increasing feeding level was a nonsignificant (P > .l) increase in the ME content of the diet from 2.79 McaYkg of dietary DM at the low intake to 2.93 Mcal/kg DM at the high intake.
Experiment 2. Information on environmental conditions during the winter feeding trial are summarized in Table 3 . Indoor temperatures remained fairly constant, averaging 16.9'C over the experimental pericd. Relative humidity also remained constant, averaging 76.4%. Mean outdoor temperature and relative humidity were -7.6'C and 69.4%, respectively. Winter weather summaries from previous years suggest that environmental conditions during the experimental period for the outdoor steers were normal for that time of year (Suleiman and Mathison, 1979) .
The steers remained healthy throughout the experimental perid, however, some problems were encountered with feed intake. Not all steers readily consumed their assigned ration, particularly at the high feeding level. Thus, for the purposes of comparing the results from the feeding trial, data from two steers in the high feeding level indoor group and one steer in the high feeding level outdoor group were removed before statistical analysis of the data in Tables 4.5 , 6, and 7 because their feed intakes deviated more than 10% from the intake of the others in their respective groups. Intake of all steers was included in the regression of log heat production on ME intake (Table 8 ) and in the multiple regressions used to partition M E for protein and fat gain.
Feedlot performance data are summarized in Table 4 . As 
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-52, 64, and 70 g of DM/kg of BW75 per day for low, medium, and high, respectively. %timated using the average ME obtained in a thermoneutral environment with steers consuming the experimental 'Initial weight was used as a covariate.
&%.near feeding level effect (P < .001) and (P < .05), respectively.
sg.hQuadratic feeding level effect (P < .001), (P < .05), and (P < .l), respectively. %ndoor merent from outdoor (P < ,001) and (P < .05), respectively. diet.
intake, steers grew faster (P c .001), had a better (P c .005) feed conversion, and were heavier (P c .001) at the end of the trial. This resulted in heavier carcasses (P < .001) and more fat covering (P c .05) with increasing feed intake (Table 5) . Dressing percentages and longissimus muscle area were not influenced (P > .05) by increasing DML Effects on empty body composition closely followed live weight and carcass trends with respect to feeding level (Tables 6 and 7) . As DMI increased, there was a linear and quadratic increase in gain in empty BW (P c .001).
The mean amount of protein energy gained (P c .005), fat energy gained (P c .05), and total retained energy (P c . 0 5 ) increased linearly with intake (Table 7) . These responses resulted in steers having heavier estimated final empty BW (P c .005), slightly more empty body protein (P c .l) and empty body fat (P c .l), and more energy in the empty body (P c .05) with increasing DMI (Table 6 ).
Environment (indoor or outdoor) had major effects on feedlot performance (Table 4) .
Steers housed indoors had .22 kg higher ADG (P c .001) and 51% better feed conversions (P c .05) than the outdoor steers, even though feed intakes were similar on a metabolic weight basis. These differences resulted in indoor steers having heavier carcasses (P c .001), more fat covering (P c .001), and higher dressing percentages (P c .001) than outdoor steers (Table 5 ). There was no difference (P > .l) in longissimus muscle area between the indoor and outdoor steers.
Steers kept outdoors had higher carcass specific gravities (P < .001, compared with outdoor steers. The estimated NE, requirement was increased (P c .01) by 18% in the steers exposed to the cold winter environment (Table 8 ). The daily ME requirement for maintenance for indoor steers was 101 kcal/kg of BW75 when c.4~inear feeding level effect (P < .001), (P < .oI), and (P < .w), respectively. f*gQuadratic feeding level effect (P < .O05) and (P e .05), respectively. %door different from outdoor (P < .001) and (P < .05).
estimated by the method of Lofgreen and Garrett (1968). The ME requirement for maintenance for the outdoor steers was 142 k c m g of BW75, which was 41% higher (P < .01) than for the indoor steers. These were similar to the daiiy values of 104 and 140 kcaV kg of BW.75 estimated by multiple regression for the indoor and outdoor steers, respectively. As a result, the amount of DM needed to meet the maintenance energy requirements was increased (P e .01) from 35.2 to 49.5 g/kg of BW75 ( Table 8) .
The NE, value of the barley grain for the indoor steers was 1.96 Mcavkg of DM. The NE, value for barley estimated for the outdoor steers was 1. 64 Mcalkg of DM, which is approximately 16% lower than that determined for the inside steers. Efficiencies of ME use for maintenance were .64 and .55 for the indoor and outdoor steers, respectively ( Table 8 ). The NEg content of the barley grain DM determined for the outdoor steers was .81 Mcavkg, which was 41% lower (P e .01) than that determined for the indoor steers. Corresponding fractional efficiencies of use of ME for gain (kg) were .45 and .27 for the indoor and outdoor steers, respectively ( Table 8) . Estimates of efficiency of ME use for protein and fat synthesis did not differ between indoor and outdoor steers ( Table 8) .
Discussion
Digestibility and Metabolizability of the Diet. The results of this trial indicate that the energy digestibility of the all-concentrate, barley-based diet fed to steers in a thermoneutral environment was not affected by an approximate 50% increase in DM intake ( Table 2) . These findings are in contrast to the normal situation, in which digestibility decreases with increasing intake (Tyrrell and Moe, 1975; ARC, 1980) . However, in other trials with barley-based diets no effect of intake on digestibility has been obtained (Webster, 1976 Suleiman and Mathison (1979) trial, however, the summer-fed steers grew more slowly than the winter-fed steers, but they did retain 13% more energy. Other researchers have also reported that the growth rate and feed efficiency of cattle given ad libitum access to feed is lower in the winter. Milligan and Christison (1974) , in Saskatchewan, suggested that exposure to the cold winter environment reduced feed efficiency by almost 50% and ADG by 30% in cattle. Bennett and O'Mary (1965) reported that ADG of housed cattle were 34% higher than those of cattle in an open lot when given ad libitum access to feed. In data of Hidiroglou and Lessard (1971) , feed consumption was similar between indoor and outdoor cattle; however, the outdoor cattle grew 31% more slowly and were 30% less efficient in converting feed to live weight gain than the indoor cattle. Muhamed et al. (1983) investigated the effect of diet, housing, and season on the performance of feedlot cattle in Iowa. Daily gains were 1.12 vs 1.05 kg/d for the summer and winter steers, respectively (6% difference), even though DMI was similar.
The proponion of total energy retained as ---9 2 , 64, and 70 g of DM/kg of BW75 per day for low, medium, and high, respectively. b*C*d%near feeding level effect (P < .001), (P < .005), (P < .05), and (P < .I), respectively. esQuadratic feeding level effect (P < .05) and (P < .I), respectively.
&hdoor different from outdoor (P < .001) and (P < .005), respectively.
fat in the indoor steers (86%) was greater than that in the outdoor steers (78%). Similar results were demonstrated by Suleiman and Mathison (1979) , particularly during the 1974/ 75 winter period, in which only 64% of RE was fat. The influence of cold in reducing carcass weights and fat of outdoors steers in this trial also agrees with the results reported by Nour et al. (1981) with Angus steers housed in a heated, slatted-floor barn or in p a y covered outdoor pens. Their results show that steers housed indoors accumulated more fat and similar amounts of muscle in their carcasses when fed at equal intakes and slaughtered at the same BW. It is well documented that animals that grow more quickly retain more fat at similar carcass and empty BW regardless of the type of diet (Byers, 1980) . Composition changes, then, were probably the result of reduced availability of energy for gain, although it is possible that cold may influence body composition through hormonal changes in animals. Prolonged cold exposure elevates plasma levels of thyroxine and triiodothyronine in cattle (Christopherson and Thompson, 1983) . Elevated thyroid hormones can directly stimulate protein synthesis and can act in a permissive role, creating an environment in which other hormones can more effectively influence metabolic processes (Sasaki and Weekes, 1986) . Thyroid hormones can also potentiate the lipolytic response of catecholamines (Sasaki and Weekes, 1986) , which are also elevated in the cold . Maintenance Energy Requirements of Steers. It is generally recognized that the variation in the efficiency of energy use for maintenance is small when comparisons are made using nonproducing animals in conditions of thennoneutrality (Moe and Tyrrell, 1973) . However, when animals are subjected to chronic cold exposure, hormonal and metabolic changes occur that increase maintenance energy expenditure (Young, 1981 The efficiency of ME use for maintenance was not different (P > .l) between indoor and outdoor steers. even though fractional efficiencies varied from .64 to .55 (Table 8) . Similarly, no differences (P > .l) in the NE, contents of the diet could be detected between environments. Calculated dietary NE, values are dependent on the estimated heat increment of feeding above maintenance, ME content of the diet, and estimated fasting heat production.
Eficiency of Energy Use for
Gain. In this experiment, there was little variation in estimated heat production of the outdoor steers that were fed at similar ME intakes, but there was a large variation in heat production of the indoor steers (footnote, Table 8 ). The reason for this is not clear; however, it may have been due to an insufficient amount of essential to ME determined by Garrett (1980a) and used by NRC (1984) . The NE8 of the diet was decreased by 41% when it was fed to the outdoor steers, which indicates that the use of a single value for feeds is not valid for animals in cold environmental conditions. The efficiency with which ME is used for tissue deposition has been considered to be mainly a function of the ME content of the diet (ARC, 1980; NRC, 1984); thus, a possible explanation of the low NE is that the ME content of the diet decrease3 markedly in the cold. Reductions in DM digestibility due to cold temperatures have been well documented for forage-based diets (Christopherson, 1976; Kennedy and Milligan, 1978; Nicholson et al., 1980; Kennedy, 1985) . A large decrease in dietary ME in the outdoor steers was very unlikely in this experiment, however, because Kennedy et al. (1982) established that temperature had no influence on the digestibility of a rapidly fermented, all-concentrate diet in wethers. Similar results have been reported for an allconcentrate diet fed to lambs (McBride and Christopherson, 1984 ) and a pelleted barley-alfalfa diet fed to wethers (Young and Degan, 1981) . Metabolizability of allconcentrate diets may even be slightly improved in the cold. Kennedy and Milligan (1978) reported that ruminal methane production was reduced by 30% when the same diet was fed to cold-exposed sheep compared with sheep fed in a warm environment. Thus, some factor other than a decreased ME content of the diet may have been responsible for the lower values for the diet fed to the outdoor steers.
Although there is need for caution in attaching biological significance to efficiencies estimated by the regression approach when the independent variables, such as protein and fat gain, are highly correlated (Garrett, 1980b) , multiple regression analyses indicated that the efficiency of ME use for tissue growth by the steers ranged from 71 to 91% for fat and 11 to 13% for protein with no significant effect due The to environment (Table 8) . Because outdoor steers deposited proportionately more of their energy as protein than did the indoor steers (21 vs 14%), differences in efficiency of tissue deposition could explain the low efficiency of ME use for gain in the outdoor steers. Differences in efficiency of fat and protein deposition have also been reported by others.
niques, have estimated that fat deposition in growing and finishing beef cattle is between five and six times more energetically efficient than is protein deposition. Their estimates of the efficiency of ME use for tissue growth are 49 to 58% for fat and 10 to 11% for protein deposition, depending on the model used. Byers (1982) estimated that efficiency of ME use for fat deposition was in the range of 60 to 70% and for protein deposition varied between 10 and 40%. Geay (1984) estimated values of 75 and 20% for the energetic efficiency of fat and protein deposition, respectively. It would thus seem that efficiency of ME use for gain is dependent on the relative efficiencies of protein and fat deposition and may be more dependent on physiological processes within the animals than on the type of diet fed under some circumstances. Old and Garrett (1985) , using similar tech-
Implications
These results indicate that steer average daily gain, empty body gain, and energy gain are adversely affected by decreasing temperature when feed intakes are low. Maintenance requirements were increased and estimated values of dietary net energy for gain were substantially reduced in steers fed in a cold compared to a warm environment at restricted feeding levels. The effect on net energy for gain was probably a consequence of a greater proportion of retained energy being deposited as protein in the cold-exposed steers. It is concluded that reduced efficiency of metabolizable energy use for gain in cattle raised in cold environments may need to be considered when animals' requirements are calculated. 
